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Abstract. Protein synthesis was measured in ovary and
hepatopancreas of intact and eyestalk-ablated fiddler
crabs (Uca pugilator) in vitro. A crude extract of evestalks
from the shrimp Penacus setiferus inhibited ovarian
weight gain in evestalk-ablated crabs. This crude eyestalk
extract also inhibited i vitro protein synthesis in ovaries
from intact and eyestalk-ablated crabs. A polycional an-
tibody to crab vitellogenin was used to measure vitello-
genin synthesis in ovaries, hepatopancreas, and hemo-
lymph in vitro. Gonad-inhibiting hormone was partially
purified from the crude evestalk extract. The partially
purified material inhibited vitellogenin synthesis in ovar-
1an issues in vitro.

Introduction

Panouse (1943) first observed accelerated gonadal
growth in eyestalk-ablated shrimp, Palacmion serratus.
Eyestalk abtation induces precocious gonadal develop-
ment in almost all erustaccans (Charniaux-Cotton,
1985: Quackenbush, 1986: Fingerman, 1987). The en-
docrine nature ol this response was confirmed by the im-
plantation of sinus glands into evestalk-ablated fiddler
crabs (Uca pugilator). The implanted neurohemal or-
gans suppressed gonadal development in eyestalk-ab-
lated crabs (Brown and Jones, 1948). The rapid ovarnan
development that oceurs alter evestalk ablation was at-
tributed to the absence of a gonad-inhibiting hormone
(GIH). The chemical characteristics of partially purified
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GIH resembles other peptide hormones produeed in the
cvestalk  neurosecretory  system  (Charniaux-Cotton,
1985). GIH has not vet been fully characterized due in
part to the difficulty in the bioassay of an inhibitory hor-
mone (Channing ¢r al., 1985).

The ovanes and testes were accepted as the target tis-
sues of GIH because they both develop rapidly after eye-
stalk ablation. Crude evestalk extracts directly inhibit
ovarian protein synthesis when tested in vitro (Gorell and
Gilbert, 1971; Eastman-Reks and Fingerman, 1984).
These reports confirmed that the eyestalk neuroendo-
erine system can directly suppress gonadal development
in crustaceans. The primary product of ovarian protein
synthesis 1s the egg yolk protein vitellin (Vn) (Eastman-
Reks and Fingerman, 1984: Lui and O’Connor, 1976).
However, it was generally aceepted that the precursor to
V. vitellogenin (Vg) was made in extra-ovarian tissues
in crustaceans (Watlace er al., 1967: Fielder ¢t al., 1971;
Charmaux-Cotton, 1985). The demonstration that iso-
lated ovaries synthesized Vg challenged the significance
of extra-ovarian Vg synthesis (Lui and O'Connor, 1977).
Both the hemocytes of the hemolymph and the hepato-
pancreas of crustaceans are capable of Vg synthesis and
therefore also targets for GIH (Kerr, 1969: Souty and Pi-
caud, 1984). The crustacean hepatopancreas synthesizes
digestive enzymes and hemocyanin and may also pro-
duce Vg (Gibson and Barker, 1979; Senkbeil and Wris-
ton, 1981; Paulus and Laufer, 1987; Tom et al., 1987).
An understanding of the relative contributions by the po-
tential tissue sources of Vg is important to the develop-
ment of a valid GIH bioassay.

This study was undertaken to determine if the hepato-
pancreas, hemolymph. and the ovaries of the fiddler crab
(Uca pugilator) produced Vg. In vitro production of Vg
was then used as a specific bioassay for the characteriza-
tion and purification of GIH.
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{ritmals

torywere purchased monthly
(Panacea. Flonda). Crabs were
maintained ulating scawater aquarium (23%o:
24°C) and te with oatmeal. Crabs were eyestalk-
ablated with fine scissors: the cut stumps were cauterized.
1o obtain ovances with uniform oocyte diameters. the
ovarics were dissected Irom crabs 8 days alter evestalk
ablation. The average oocyvie diameters {rom these ani-
mals were quite consistent (0.125 + 0.001 mm: n = 60).
The oocyie diameters of cggs just released and attached
1o pleopods of Temale crabs were 0.25 + 0.01 mm (n

90). Based on their size. the oocytes of crabs 8 days
after cyvestalk ablation were about halfway through sec-
ondary vitellogenesis. The ovaries from these ablated
crabs were a characteristic deep purple color of vitello-
genic fiddler crab eggs (Brown and Jones. 1948: Webb.
1977: Eastman-Reks and Fingerman, 1984). For all sub-
sequent assays. ovaries were obtained from crabs 8 days
after eyestalk ablation. Eyestalk-intact crabs provided
ovarian tissues for controls. and the oocyvte diameters
from these animals were also recorded.

1iddler crabe
from Gult Sp

Fvestalk extract

Evestalks from adult (>30 g) male and female Penacns
setiferus were obtained frozen from a commercial
shrimp  processor (Coastal  Freezing. Port  Aransas.
Texas). One hundred cyestalks (22.25 g) were ground
frozen in a mortar and pestle and extracted in distilled
water. The extract was gently boiled for 5 min and then
centrifuged at 10.000 X ¢ tor 30 min at 4°C. The super-
natant (2 cyestalk equivalents/ml) was stored (rozen
at —4°C.

In vivo (G111 hioassay

Crabs from the stock tank were eyestalk-ablated as de-
scribed. One group (n — 10) had their ovaries removed
and were weighed to the nearest 0.1 mg at the start of the
experiment. Five other groups (all o~ 10) were injected
on alternate davs for 15 days as described by Quacken-

bush and Ilerrnkind (1983). FFour diflerent doses of

ract and a saline control were tested
weight gain after eyestalk ablation

crude eyestall
for cflects on
(Cooke et al., |

. 4, g
In vivo C lencin tion

Cleucine (270 uCi/i
vine, California) was dilute
to achieve a final dasc ol lcuc
pl. Both intact and cyestalk-ablat

ICN Radiochemicals, Ir-
‘old leucine (0.127 M)
S nmole/0.5 pCi/10
rabs were injected
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with 10 gl of the stock "C leucine (5 nmole/0.5 Ci/10
wlyand held in dry containers alter injection. Four hours
or 24 hours after "*C leucine injection a sample of hemo-
Ivimph (30 ul) was removed from the crabs (n = 10: 2
replicates) and then added to small tubes containing 450
ul of extraction buller (0.5 M/ NaCl 0.5 M Tris: 5 mM
EDTA: pH 7.0. Lui and O'Connor. 1976). The ovaries
and the hepatopancreas trom the crabs were then re-
moved and separately homogenized in extraction buffer
(n = 10: 2 rephicates). Proteins from these extracts and
the hemolymph samples were precipitated by the addi-
tion of three volumes of ice cold 100% (NH,),SO,. fol-
lowed by centnfugation at 8000 X ¢ for 5 min at 4°C.
The resulting pellet of protein was resuspended and pre-
cipitated as described above twice more. The final pellets
of protein were dissolved in phosphate-bullered saline
(PBS. Quackenbush and Fingerman. 1985). Aliquots
(100 w1y of the solubilized proteins were counted for *C
leucine incorporation with a commercial scintillation
fluor using hiqud scintillation spectrometry. Counts per
minute (CPM) were converted to disintegrations per
minute (DPM) via an internally stored quench curve.
Total protein of these samples was measured using the
Bio-Rad Protein Reagent assay (Bio-Rad. Richmond.
California) Bovine serum albumin (1 mg/ml) was used
as a standard. Results from this assay are expressed as
DPM/mg protein based on these determinations.
Dillerences between treatment groups were tested using
a standard r-1est (Sokal and Rohlf. 1969).

In vitro ”C leucine incorporation

Tissues (ovary, hepatopancreas. or muscle) were re-
moved from crabs by dissection under chilled saline. Tis-
sue fragments (3-6 mum) were rinsed with saline and
placed into a tissue culture media (n = 12: 2 replicates)
(Reddy and Wyatt, 1967). The culture media consisted
ol amino acids, 0.066 M glucose, 0.033 M/ trehalose. S
mA HEPES, and 0.001% ampicillin in crustacean saline
(P11 8.2: 1100 mOS. Cooke et al., 1977). Prior to use the
media was filter sterthzed (Nalgene, 20 g filter). Evestalk
extracts (100 ul) or muscle extracts (100 ul) were added
to the incubation media (2000 gl) that contained the crab
tissue fragments. Finally. "*C leucine (5 nmole/0.5 uCi/
10 ul) was added to the incubation media. Beakers con-
taining the media and tissue fragments were placed in a
scaled chamber that was gassed with 95% O./5% CO; at
4 psi. During a 4-h incubation at 30°C, the beakers were
gently agitated on an orbital shaker. At the termination
of the incubation, tissues were remaved irom the media,
rinsed with chilled saline. and then homaogenized in ice
cold extraction buller. The tissue homogenates were cen-
trifuged at 8000 > ¢ for 15 nin at 4°C. Proteins in the
supernatant were precipitated by the addition of 3 vol-
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umes of ice cold 100% (NH,),SO, and then recentriluged
at 8000 < g for 15 munutes at 4°C. The pellet of protein
was resuspended in extraction bufter, and the entire pre-
cipitation procedure was repeated twice more. The final
pellet of protein was resuspended i PBS. Aliquots (100
ul) of the solubilized proteins were taken for the determi-
nation of both total protein and total *C leucine incor-
poration as described above. Difterences between treat-
ment groups were tested using a r-test (Sokal and Rohlf.
1969).

Time course of in vitro "'C lencine incorporation

Tissues were dissected (n = 12: 2 replicates) and incu-
bated for 2. 4. 8, 16, or 22 hours as described above. At
the termination of incubation, the tissues were rinsed
with chilled erustacean saline, homogenized in 0.4 N per-
chloric acid and centrifuged at 2000 > ¢ for 10 minutes
at 22°C. The resulting pellet ol protein was resuspended
in 90% ethanol/1% sodium acetate and centrifuged as
above. The resulting pellet of protein was retained and
extracted in chloroform:methanol (2:1) and centrifuged
as above. The final pellet ol protein was air dried at 50°C
and then dissolved in t A NaOH. Aliquots (100 ul) of the
solubilized proteins were taken for total protein determi-
nation and total "*C leucine incorporation as described
above. Bovine serum albumin in | N NaOH served as
the standard for the protein determinations. Differences
between groups were tested with a r-test (Sokal and
Rohlf, 1969).

I'n purification and antibody production

Uca pugilator vitelogenin was characterized as a large
purple lipoprotein with two subunits of 100,600 and
125,000 daltons. This protein was about 90% ol the total
protein in crab ovaries (Eastman-Reks and Fingerman,
1984). We used a slight modification of the Eastman-
Reks and Fingerman (1984) method to isolate vitello-
genin from Uca pugilator. Ovaries from crabs (0.10 to
0.25 mm oocyte diameter) were pooled and homoge-
nized in ice cold extraction butler. Phenylmethonyl sul-
fonyl flouride (0.001%) was added to the extraction
bufter just before use to inhibit general proteases. Ovar-
1an proteins were extracted as above using 3 cycles ol ex-
traction buffer and ice cold 100% (NH,),SO, precipita-
tion. The final protein pellet was resuspended in PBS (2
mg/ml) and applied to a Sephadex G-200 column (2.5
cm X 20 cm: void volume = 18 ml with blue dextran).
The protein extract retained the purple color characteris-
tic of the crab ovaries and eggs. This characteristic color
aided us in the purification procedure. The column was
eluted with PBS (4 ml/h) at 4°C, 1-ml fractions were col-
lected. Column fractions were monitored at 280 nm, and
fractions with the characteristic purple color of crab ova-

ries were pooled and dried on a rotary evaporator (Speed-
Vac, Savant Instruments, Hicksville, New York). Sam-
ples ol'this crude ovarian protein extract were character-
ized on 7% polyacrylamide gels. Sodium dodecyl sulfate
was added to the protein sample and the polyacrylamide
to dissassociate the large proteins into subunits (Hames
and Rickwood, 1981). The crude extract was dominated
by 2 bands ol protein in the size range of vitellogenin
characterized by Eastman-Reks and Fingerman, 1984, A
preparative gel procedure was used to purify enough of
the crude material from crab ovaries for rabbit immuni-
zation. Ovarian protein samples from the G-200 column
were resuspended in a dissassociating bufter with sodium
dodecyl sulfate. This was applied to a large preparative
gel of 7% polyacrylamide (1.0 % 150 X 130 mm) in a
single well which spanned the entire width of the gel
(Hames and Rickwood, 1981, Laemmli, 1970). After the
tracking dve eluted from the gel. a single vertical slice of
the gel was removed and stained for proteins with 0.5%
Coomassie Blue to determine mobilities of the proteins
within the preparative gel. The remainder of the prepara-
tive gel was sliced horizontally (1-mm segments): the re-
sulting gel segments were placed in an elution buffer of
0.05 mM/ ammonium acetate. Proteins were eluted from
the gels into the buffer at 4°C for 24 hours. Proteins that
cluted from the gelswere freeze dried and stored at —4°C.
Samples of the proteins eluted from the gel segments
were charactenzed on another analytical 7% polyacryl-
amide gel with sodium dodecyl sulfate bufters. This pro-
cedure allowed us to obtain sulhicient quantities of par-
tially puritied Vg lor immunization procedures. The mo-
lecular weight of the Vg subunits were determined by
comparison to standards simultaneously separated in
analytical polyacrylamide gels of various percentages.
Molecular weight standards were obtained from Bio Rad
and used according to the instructions provided. Myosin
(200,000), beta-galactosidase (116,250), phosphorylase-
B (97.400), bovine serum albumin (66.200), and oval-
bumin (42.699) were the protein standards used to cali-
brate the subunit molecular weight of ovarian proteins.
Serum was obtained [rom rabbits before immuniza-
tion via ear vein puncture. Rabbits were immunized with
50 subepidermal injections (20 ul each) of complete ad-
juvant contaming 40 pg egg volk protein/ml as described
previously (Quackenbush and Fingerman, 1985). Rab-
bits were bled each week via cardiac puncture. Whole
blood was allowed to clot then centrifuged at 10,000 X ¢
for 30 minutes at 4°C. The supernatant serum was stored
at —72°C. Serum was screened against partially purified
egg volk proteins using Ouchterlony plates (Ouchter-
lony, 1949). Serum showing a precipitation line against
partially purified egg volk proteins was further purified.
Positive serum was passed through a column of DEAE-
Ath-Gel-Blue (Bio-Rad) to separate the 1gG fraction
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from other serum components. A column (14 ml bed
volume) was prepar d following methods de-
seribed 1n Bio | {062 (Bio Rad). IFractions
containing | cd. aliquoted (0.5 mg/ml). and
dried on wator. The antibody stocks were
diluted wit ontaining 0.01% sodium azide lor use
in the as

tibody characierization

Rabbits were immunized with either the high molecu-
lar weight Vg subunit (V) or the low molecular weight
subunit (V-). Since the hepatopancreas samples con-
tained only V- only the antibodies against V, were char-
acterized. Antibody characterization included Ouchter-
lony plates. immunoprecipitation. and western blotting.
Extracts in PBS ol gonad (100 wg/ml). hepatopancreas
(110 pg/mb. and hemolvmph (110 pg/ml) from both
male and female crabs were tested against the antibody
in Ouchterlony plates (1% agar in PBS). Extracts of go-
nad. hepatopancreas. and hemolymph (100 pg/300 ul)
were incubated at 4°C for 18 hours with 10 ul of rabbit
serum. The mixtures were then centrifuged at 8,000 X ¢
at 4°C for 10 min and the resulting protein pellets washed
with ice cold PBS 4 times. Pellets of immunoprecipitated
protein were solubilized in clectrophoresis buffer con-
taining sodium dodecyl sulfate und separated on a 7%
polyvacrvlamide gel. This assay should recover the pro-
teins that the antibody recognizes and precipitated from
the crude extracts containing several different proteins.
Extracts of gonads and hepatopancreas from females in
vitellogenesis were separated on a 7% polyacrylamide gel
in sodium dodecyl sulfate. The gel was then electroblot-
ted onto nitrocellulose paper (Towbin et al., 1979 Doug-
las and King. 1984). The rabbit serum was incubated
with the filter paper blots for 2 h in PBS. A goat anti-
rabbit IgG antibody with peroxidase conjugated to the
antibody was then incubated with the blots in PBS (Kir-
kegaard and Perry. Gaithersburg, Maryland). The hlots
were then stained with 4-chloro-1-napthol (Sigma
Chemical Co. St. Louts. Missouri) and 1105, This west-
ern blotting procedure was used to determine 1l the rab-
bit serum bound sclectively to the V, proteins contained
in these extracts, when 1t was challenged with all the
different proteins in the crude extracts.

Immunoassay

The immunoassay consisted of a 4-h in vitro incuba-
tion as described above. Tissues were then homogenized
in extraction buller. Proteins were extracted with 3 eyeles
of extraction buller and ice cold 100% (NI14),SO;4. The
final protein pellet was resuspended 1n 600 ul of PBS.
Aliquots (100 ul) were taken from this solution lor deter-
mination of total protein and "'C leucine incorporation.

S, QUACKENBUSH AND L. L. KEELEY

IFifty pl of the rabbit serum (25 pg protein) was added to
the remaiing 400 pl of each tissue homogenate and the
mixture was incubated at 4°C for 18 hours. After incuba-
tion, the tissue homogenates were centrfuged at 8000
X ¢at4°C for 15 minutes. The supernatant was carefully
removed, and 100 upl aliquots were taken for determina-
tion of total protein and C leucine incorporation. The
pellet of immunoprecipitated protein was washed four
times with ice cold PBS. The hinal protein pellet was solu-
bilized in 300 ul of 1 .V NaOH. and aliquots of 100 gl
were taken for determination of total protein and "C
leucine incorporation. Differences between treatment
groups were tested for significance with a r-test (Sokal
and Rohll, 1969).

GHI purification

Samples of crude P. seriferiis eyestalks (3000 ul) were
applied to a Sephadex G-25 column (2.5 ¢m X 20 em:
43 ml void volume determined with blue dextran) and
cluted 1in 0.05 m.M/ ammomum acetate, pH 6.3 at 3.0 ml/
h. Fractions (I ml) were monitored at 280 nm. collected.
and then bioassayed for their ability to etfect Vg synthesis
i vitro. The retention factor. Rf, was calculated based
on the formula: column void volume/fraction elution
volume. Standard peptides (1 mg/ml) were used to cab-
brate the column for size esiimation. Standard peptides
used were: aprotinin, 6500 daltons: insulin (beta sub-
unit), 3496 daltons: and met-enkephalin, 537 daltons.
The cltect of crude evestalk extract or partially purified
GIH was quantified i all 712 vitro assays using the for-
mula:

7% Inhibition

Control DPM/mg — Test DPM/mg
Control DPM/mg

X100

A unit of GIH activity was defined as that amount of
protein that produced a 20% inhibition of *C lcucine
incorporation i vitro. Based on a /-test for percentages,
a 20% inhibition was statistically significant at P < 0.05
(Sokal and Rohll, 1969). Using these calculations, a sin-
gle shrimp eyestatk had about 160 units of activity.

Resnlts
In vivo stidies

Crude extracts ol . setiferus evestalks blocked the an-
ticipated increase in ovarian weight gain ol eyvestalk ab-
lated crabs (Fig. 1). This was attributed to the blockade
of vitellogenesis. The shrimp evestalk extract blocked vi-
tellogenesis even though the remainder of the crab’s en-
doerine svstem was intact. ‘The extract was potent, only
0.0005 eyestalk cquivalents was required to produce a



UCA VG 325

?40_ Uca pugilator Invivo
L -

o -
30+ N=10
= L

ros)

2 20

©

@

C

s

O

I | I |
S

1 T0005 0005 005 05

Eyestalk Equivalents

O
]
o—%

Figure 1. Invivoeffects of crude shrimp eyestalk extract on ovarian
growth of evestalk ablated Uca pugilator Extract dose was given in eye-
stalk equivalents, ovary wel weight was measured 1in milligrams. S
= ovanan weight of crab injected with saline, D, = average ovarian wet
weight for a group of crabs from which experimental crabs were selected
at the start of the experiment. All values are the mean =+ one standard
error, n = 10, two replicates.

statistically significant inhibition of ovarian weight gain
(r-test, P < 0.05).

The in vivo incorporation of "C leucine into proteins
from the hepatopancreas. hemolymph. and ovaries was
significantly higher in eyestalk-ablated crabs than intact
crabs alter 4 h (/-test, P < 0.05: Fig. 2). The average oo-
cvte diameter of ovaries from eyestalk-ablated crabs
(0.12 +0.01 mm) was twice the average oocyte diameter
of ovaries in intact crabs (0.06 + 0.01 mm). This may
account for the significant differences in the incorpora-
tion ol '*C leucine, since the two groups of crabs had ova-
ries at different stages of vitellogenesis. Twenty-four
hours after injection with '*C leucine, incorporation of
the labeled amino acid was about equal in the tissues
from both intact and ecyestalk-ablated crabs. Tissues
from intact crabs had a significant increase in incorpora-
tion of labeled amino acid when incorporation time was
increased from 4 to 24 hours (7-test, P < 0.03). The hepa-
topancreas and ovaries incorporated more labeled
amino acid into proteins than the hemolymph in both
groups of crabs.

In vitro studies

The time course of i1 vitro **C leucine incorporation
was measured for muscle. hepatopancreas. and ovaries
from intact and ablated crabs (Fig. 3). Incorporation of
the labeled amino acid into muscle proteins was a con-
trol for non-specific binding of label and for the incorpo-

ration of label into proteins by a tissue that does not con-
tain egg volk proteins. There was a significant difference
in the amount ol label incorporated by ovary and hepa-
topancreas from intact crabs compared to these tissues
from eyestalk-ablated crabs. The difference between the
two groups was statistically significant at all measure-
ments (i-test, P < 0.01-0.05). Initially. the '*C leucine
incorporation into proteins was about equal in the ovary
and hepatopancreas from evestalk ablated crabs. After
8 hours of incubation, the ovarian tissue continued to
incorporate labeled amino acid into proteins: the hepato-
pancreas tissues did not increase their incorporation of
labeled amino acid into proteins. The ovaries and hepa-
topancreas from intact crabs had about equal incorpora-
tion of labeled amino acid into proteins at 2 h and § h,
though they had statistically different levels of incorpora-
tion of labeled amino acid into protein at 4 h (s-test, P
< 0.05 at 4 h). After 8 h in the in virro incubation, the
tissues from the intact crabs lollowed the same pattern
as the tissues from the eyestalk ablated crabs: the ovaries
continued to incorporate label but the hepatopancreas
did not increase incorporation of label. Variability in *C
leucine incorporation into proteins increased with in-
creased incubation times. as demonstrated by the in-
crease in the standard deviations of these measurements
(Fig. 3). This observation suggested that after 8 h of in
vitro incubation the tissues were no longer uniformly ac-
tive. and the assay would not produce an accurate pic-

Uca pugilator In vivo
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Figure 2. /n vivo incorporation of "C leucine inio proteins from

the hemolymph (H), the hepatopancreas (HP), and ovary (G) of either
intact (open bars) of eyestalk ablated (hatched bars) Uca pugilator. All
values are the mean + one standard error, n = 10 for each group, 2
rephcates.
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Figure 3. Time course ol incorporation of *C leucine mnto proteins
from muscle (tnangles), ovaries (circles), and hepatopancreas (squares)
from either intact crabs (open symbols) or eyestalk-ablated crabs (filled
symbols) measured in vizro All values are means + one standard error,
n — 12 for cach group. 2 replicates.

Lure of protein synthesis. A 4-h incubation time was used
for all subsequent assays.

Crude shrimp eyestalk extracts were tested lor their
ability to affect in vitro protein synthesis in the ovaries
from intact and evestalk-ablated crabs (Ifg. 4). The
threshold for statistically signilicant inhibition of protein
synthesis was the same regardless of the origin of the
ovarian tissues (0.006 1ESIE, t-test for two percentages. I’
< 0.05). Maximum inhibition of the protein synthesis
was produced by 0.05 ESI in ovaries from eyestalk ab-
lated crabs. Protein synthesis in ovaries from intact crabs
was maximally inhibited by 0.012 ESE. Ovaries Irom the
intact crabs werc re sensitive (o the evestatk extract
than ovaries from oblated crabs. A dose ol 0.012 ESE
produced a significanc  greater inhibition 1n the ovanes
from inlact crabs 1han lin the ovaries Irom cyestalk
ablated crabs (z-test Tor two percentages, 2 < 0.05). The
highest dose tested, 0.05 1S produced less. not more,
inhibition of protein synthesis than a lower dose. This

KEETEY

suggests that the crude extract probably contains many
tactors. perhaps even a tactor that can increase protein
synthesis in virro (Charniaux-Cotton, 1983).

Vitellogenin purification and antibody characterization

The partially purified extract of ovaries tfrom L'ca pugi-
lator was dominated by the two distinct bands of protein
characteristic of the egg volk proteins (Eastman-Reks
and Figerman., 1984: Fig. 5A. B). The molecular
weights of the two groups of cgg volk proteins were
103.000 + 1000 daltons. V,.and 81.000 + 1000 daltons.
Vs (n = 12 measurements, Fig. SA. B). These bands of
protein in the polvacrylamide gels clearly represent two
classes of proteins, which cach may contain several vet
unresolved distinet polvpeptides. The hepatopancreas
extracts contained only the V, group ol egg volk proteins
(n = 8:; Fig. 5A, B). Both V| and V. are the dominant
proteins ol the egg volk. they stain positive for both lipid
and sugars, and they contain the purple pigment of the
egg volk. Thus, these proteins, Vi and Vs fultill the cri-
terna established for vitellogenin (Eastman-Reks and Fin-
german. 1984; Wallace ¢z al.. 1967).

The antiserum (#1790-12-4) to the V» protein group

Uca pugilator

Invitro

Inhybirtion

anr

0006 012 025 05

Eyestalk Equivalents

Figure 4. the i virro inhibition of incorporation ol *C leucine
into ovarian protems by crude shnimp eyestalk extract. Ovarian tissues
from intact crabs (open circles) or eyestalk ablated crabs (filled circles)
were tested. All values are means + one standard error. n 8 lor cach
group, 2 replicates, An extract of shoimp tail muscle was used for a
control for eyestalk extracts. Control injections were adjusted by dilu-
tion with crab satine 10 equal the total protein concentration of the
mjections of cyestalk extract. Percent inhibition was calculated as de-
scribed 1n Materials and Methods.
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reacted with crude extracts from female crab gonads.
hepatopancreas, and hemolymph in Ouchterlony plates.
The antiserum did not produce any reaction with similar
extracts of tissue from male crabs. Therefore the antise-
rum was specific for female proteins (data not shown).
The antiserum precipitated both V, and V- proteins
from ovary extracts. but only V. proteins from hepato-
pancreas extracts (Fig. SA). Thus when the antiserum
was presented with crude tissue extracts containing
many diftferent proteins and some breakdown products
of large proteins. the antiserum only precipitated the V,
and V- proteins. The western blot of proteins from crude
tissue extracts showed that the antiserum selectively
bound to only the V, proteins in the hepatopancreas
(Fig. 5C). The antiserum did bind to some low molecular
weight proteins other than V, in the ovarian homoge-
nate. The antiserum had low athnity for any of the other
proteins known to be in these erude extracts (Fig. SA-C).
Thus this antiserum (#1790-12-4) was specific to female
proteins, and relatively specilic for V, and V, proteins
from tissue extracts. The immunoprecipitation of both
V, and V; from the ovarian tissue ¢xtracts suggests that
thesc two proteins may be linked in the ovary.

The antibody was used to measure iz vitro Vg synthe-
sis in homogenates of ovaries. hepatopancreas and he-
molymph (Table I). The ovary had more immunopreci-
pitatable protein than either the hepatopancreas or the
hemolymph, consistent with the role of the ovary as a
volk storage site. However. the "*C leucine content ol the
immunoprecipitated Vg was similar in both the ovary
and hemolymph samples. suggesting that both ovary and
hemolymph can produce new egg volk proteins. Recov-
ery ot all the proteins and radioactive labeled amino acid
was near 90% for these assays. Some label and protein
was lost due to the procedures used. Though the amount
of immunoprecipitated Vg was less in the hepatopan-
creas than the ovary, the Vg in the hepatopancreas had
about three times the "*C leucine incorporated into Vg
than the ovary. This is consistent with the hepatopan-
creas as a site ol Vg production but not Vg storage.
Ovary, hepatopancreas, and hemolymph can incorpo-
rate "*C leucine into new egg yolk proteins, the hepato-
pancreas incorporates much more than the other groups,
whereas the ovary seems to retain more Vg than either
the hepatopancreas and the hemolymph.

Partial purification of GIH

Fractions from crude shrimp evestalk extract were
tested for their ability to inhibit /n vitro ovarian protein
synthesis. The values for immunoprecipitated Vg are
given in Figure 6 and some values for non-specific inhibi-
tion are reported in Table t1. Eighty-six percent of the
inhibitory activity applied to the column was recovered
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FigureS. Isolauon of egg volk proteins from ovanes (Ov)and hepa-
topancreas (Hp) from the tissues of {ca pugilator. A. Proteins from
crude eatracts of ovary and hepatopancreas. Immunoprecipitates from
these crude extracts of ovary (Ov,) and hepatopancreas (Hp,) are com-
pared to the complete extracts and a sample of partially punfied V,
(V). In the sampie of ovanan proteins the antibody precipitated both
V,and V.. but onlv V, was precipitated from the sample of hepatopan-
creas. The location of the molecular weight standards are labeled on
the left side in daltons ¥ [0* B. Isolation of egg volk proteins. Lane 7
contains a crude ovarian homogenate. Lane 6 contains the fraction
with purple color from the (G-200 column. Lanes 5 and 4 conlain the
proteins eluted from the preparative polyacrylamide gels. labeled V,
and V, respectively. Lane 2 contains a crude extract of hepatopancreas,
while lane 1 1s the immunoprecipitated protein from this hepatopan-
creas homogenate, C, Western blot of a 7% polyacrylamide gel. Samples
of crude ovarian and hepatopancreas extract were separated in a poly-
acrylamide gel. a sample of V> was run in the third lane. The polyclonal
antibody to V. bound to a single band in the hepatopancreas sample,
and to three bands in the ovanan sample. The antibody did not bind
10 V. though it was present in the ovanan sample.

in the 35 fractions that were tested (5 replicates). Three
peaks of inhibitory activity were consistently resolved
(fraction #29. Rf = 0.48; Iraction #3535, Rf = 0.41; and
fraction 64. Rf = 0.23, 5 replicates). These fractions had
64% of all the inhibitory activity applied to the column.
All three fractions had about the same specific activity
(2200 + 300 units/mg; 5 replicates), fraction 29 at Rf
= (.48 had the most protein (3 ug + 0.7 ug: 5 replicates).
The size of proteins eluting at Iraction #29, Rf = 0.48
was estimated to be 3,300 + 500 (5 replicates). This is a
smaller size estimate for GtH that the GIH previously
isolated from the lobster, Panulirus argus, (Quacken-
bush and Herrnkind. 1983). Based on the bioassay, the
column chromatography produced a 37-fold purifica-
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Fable |
Immunoprecipitation stes of eyestalk
abluted
Proteins (mg)

Samy 3 Hepatopancreas Ilemolymph
Crude Ex 0.09 0.55 + 0.06 0.50 = 0.01
Pellet 1.001 + 0.04 0.045 + 0.01 0.014 +0.01
Super 1 0.421 = 0.05 0.401 + 0.02 0.390 + 0.01

DPAN/NG/Hour

Sample Ovan Hepatopancreas Hemolymph
Crude Extract 3,611 = 1065 8.536 = 1.425 1448 £ 123
Pellet 865 + 181 2,977 + 755 792+ 71
Supernalant 2.973 = 1.208 3.803 = 567 778+ 79

All values are means + one standard deviation, n = 12 for all cases,
2 replicates. Crude extract is the initial tissue bomogenate, Pelletis the
protein precipiated by the antibody to vitellogenin, Supernatant is the
protein not precipitated by the antibody. Recovery of both label and
protein was between S0-90% for these assays.

tion from the crude material (Iraction #29. Rt = 0.48).
Fraction #29 inhibited Vg "C leucine incorporation. It
was specific to Vg proteins. Fraction #29 had no signifi-
cant elfect on "*C leueine incorporation into proteins
other than Vg, represented by the supernatant in the im-
munoassay (Table 11). Both the crude starting material
and material from the column void volume inhibited "*C
leucine incorporation into both Vg and non-Vg proteins.
demonstrating non-specific protein synthesis inhibition
(Table 1, Fig. 6). Based on the size estimate for fraction
=29 (3.300 + 500 daltons) the material in this fraction
was biologically active at 1.8 X 10 M/ protein.

Discussion

The primary source of crustaccan cgg volk proteins
was first suggested to be extra-ovarian (Waltlace et al.,
1967). This hy pothesis was consistent with the demon-
strations of egg volk protein synthesis in insects and ver-

tebrates. However, evidence from histological studies of

developing erustacean ovaries suggested that the ovaries
were capable of produeing proteins (Beams and Kessel,
1963: Ganion and Kessel, 1972: Wolin ¢ al., 1973:

Schade and Schivers, 1980). Direct demonstration of

protein synthe
view that the
protein synthesis
ol ovanan protein sy

by ovarian tissue supported the new

i contribution 1o overall cgg volk
ienificant. The relatively stow rate

1esis i isolated ovarian tissue
supported the argument that extra-ovarian tissue also
contributed 10 cgg volk otein synthesis (Lu and
O'Connor. 1976, 1977 Lastmun-Reks and Fingerman,
1985).

Ovanan cgg volk protein synthesis does not preclude
extra-ovarian egg volk protein synthesis. The unstated
assumption in previous work was that egg yolk proteins
in crustaccans were produced exclusively in a single tis-
sue, as in insects and vertebrates. Insects produce vitello-
genin exclusively in the fat body. A similar pattern was
eapected in arthropod relatives, the crustaceans. In the
isopod. Idotea bathica basteri, and the amphipod. Or-
chestia ganunarella, egg yolk proteins are produced in
a subepidermal adipose tissue, the fat body (Blanchet-
Tournier. 1982: Souty and Picaud. 1984). However, vi-
tellogenin is also made in the ovaries of the crab Pac/iy-
grapsus crassipes (L and O’'Connor, 1977) and in the
hemoeytes ol the erab, Callinectes sapidus (Kerr, 1969).
The subepidermal adipose tissues ol a shrimp, Parapen-
aeus longirostris, and the hepatopancreas of the crabs,
Carcinus piaenus and Libinia emarginata, contain im-
munoreactive vitellin (Paulus and Lauler, 1987; Tom ¢t
al., 1987). Together. these recent reports suggest several
new sites for egg volk protein synthesis.

In our study., immunoreactive Vg was found in the
hemolymph, hepatopancreas, and ovaries of the crab,
Uca pugilator. Each tissue was evaluated for its capacity
to incorporate labeled amino acids into proteins and Vg
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Figure 6. Immunoassay of the fractions of crude shrimp eyestalk
eatract after separatton on GG-25 Sephadex. Filled circles are the specific
activity (Inhibition units/mg eyestalk extract protein) of the fractions
for the inhibition ol "*C leucine incorporation into ovarian cgg yolk
proteins. Open circles are the absorbance (280 nm) of the [ractions as
they were eluted from the column. The column void volume is indi-
cated by o V. The clution volumes of protein standards used to calibrate
the (5-25 Sephadex column are indicated by a © aprotimin, b = insulin
beta chain, and ¢ met-cnkephalin, The immunoassay values are
means + one standard error for n - 8 for cach fraction, 4 rephceates.
Extracts of shrimp tail muscle were adjusted with crab saline to cqual
the protem concentrations of the virous column [ractions of shrimp
eyestalk. These tail muscle extracts served as the controls in the in vitro
assay. Percentinhibition of "'C leucine incorporation into crab egg yolk
proteins was calculated as described in Matenals and Mcthods. Fyery
other fraction was bioassayed, but some lractions (with no activity)
were not plotted for clarity.
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Table 11

Bioassay of shrimp ( Penacus setiferus) evesialk extract onin vitro vitel-
logenin incorporation of labeled leucine in isolated ovarian fragments

from the fiddler crab (Uca pugilator)

% Inhibition of protein incorporation of labeled leucine

(G-25 Fraction # Pellet Supernatant

Crude material 649:* 220%*

# 15 (void volume) 647.* 22%*

#22 6° 4%

#29 64%* 6° Rf—0.48
#31 d8%* 149

#35 S8%* 12%

#42 7% 107

#52 59 6%

#64 28%* 1129

# 70 39 &

All values are means. n = 8 for each fraction from 4 replicates. An *
indicates a statistically significant ditference between the fraction tested
and a muscle extract conirol (1 {est for two percentages, £ < 0.05). One
unit of GIH activity produces a 20% inhibition of protein incorporation
of labeled leucine, by definition. Crude matenal is the initial eyvestalk
extract; all test does were adjusted with saline to a prolein concentration
of 10 pg/ml. Fraction numbers in this table correspond with fraction
numbers in Figure 6. Fractions were selected from a complete data set
(35 fractions) as representative of the observations.

in vitro. Comparisons ol protein svnthesis in the tissues
from Uca pugilator to other crustaceans is limited by the
important variations in the reported methods. proce-
dures, and other variables. Ovarian incorporation of la-
beled amino acids into egg volk proteins trom Procariba-
rus sp. (477 DPM/mg/h) and Pacliygrapsus crassipes
(966 DPM/mg/h) were suggested to be too low to ac-
count for complete vitellogenesis (Lui and O'Connor,
1977). Incorporation of labeled amino acids into ecgg
yolk proteins in the hepatopancreas of the fiddler crab
(2927 DPM/mg/h) was more than three times the incor-
poration of labeled amino acids into egg volk proteins in
either the ovarian tissue or the hemolymph. This signifi-
cant difference (r-test, P < 0.05) suggests that the hepato-
pancreas in the fiddler crab can contribute to overall egg
volk protein production.

The demonstrated role of the crustacean hepatopan-
creas is the synthesis and secretion of digestive enzymes
(Gibson and Barker, 1979). This tissue is also a major
site. of lipid storage and carbohydrate metabolism
(Chang and O'Connor. 1983: Sedlmeier, 1985). In the
lobster, HHomarus americanus, the hepatopancreas is the
principal tissue source of hemocyanin synthesis (Senk-
beil and Wriston, 1981). Evestalk factors can aftect lipid
metabolism, protein synthesis, enzyme synthesis. and ri-
bonucleic acid synthesis in the crustacean hepatopan-
creas (Fingerman er al., 1967; O'Connor and Gilbert,
1968: Gorell and Gilbert, 1971: Bollenbacher ¢ al.,

1972 Wormhoudt. 1974: Momin and Rangneker,
1975). In our study, eyestalk ablation significantly in-
creased both i vivo and in vitro incorporation of labeled
amino acids into proteins of the hepatopancreas. Crude
extracts of evestalks decreased protein synthesis in the
hepatopancreas ol the cravfish. Orconectes virilis, but in-
creased ribonucleic acid synthesis in the hepatopancreas
of the crayvhish, Procambarus clarkii (Fingerman et al.,
1967: Gorell and Gilbert, 1971). Both protein synthesis
and egg volk protein synthesis in ovaries and hepatopan-
creas appear to be affected by the eyestalk endocrine sys-
tem 1in crustaceans. The coordination of egg yolk protein
svnthesis in several tissues by the eyestalk endocrine sys-
tem would be one mechanism to optimize the energy in-
vestment required for the production of many vyolk-
laden cggs.

Insects produce egg volk proteins exclusively in the fat
body (Downer and Laufer, 1983). Fiddler crabs can
make egg yolk proteins in at least three sites: ovaries, he-
patopancreas. and hemolymph. Other crustaceans ap-
pear to produce cgg volk proteins from several tissues
as well (Blanchet-Tournier, 1982: Charniaux-Cotton,
1985: Fingerman, 1987). One hypothesis for these tun-
damental differences among the arthropods may be
linked to the differences in life histories. Pterygote insects
do not molt as adults, whereas most adult crustaceans
continue to molt. Molting is a physiologically demand-
ing process requiring extensive protein synthesis and
lipid metabolism (Chang and O'Connor, 1983; Skinner,
1985). The repetitive egg yolk production of adult crusta-
ceans which live for several years is an equally demand-
ing physiological process. The mature ovary of a iiddler
crab is 4-6% of the total body wet weight: the ovary con-
tains about 30-40 mg of cgg volk proteins (Webb, 1977).
During the reproductive period in the summer, a single
female crab will produce two broods of several thousand
eggs (Webb. 1977 Christy, 1978). The eyestalk endo-
crine system is capable of regulating both molting and
ovarian development with inhibitory factors so that
these two process do not occur simultancously (Webb,
1977 Adiyodi, 1985). The established need for the syn-
chronization of egg release or egg hatching to systematic
environmental variation further constrains the produc-
tion of mature oocytes (Hartnoll. 1969: Christy, 1982).
Fiddler crabs precisely time the release of larvae to opti-
mize their survival (Bergin, 1981: Christy, 1982). Both
physiological and physical limitations may require that
the massive egg volk protein synthesis be completed
quickly. Therefore, using several sites to synthesize egg
volk proteins may be one strategy to maximize both so-
matic growth and reproductive output within these con-
straints. The diversity of crustacean life histories and the
habitats they exploit make this a testable hypothesis
(Christy, 1982: Hartnoll, 1969).
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111 inhibited egg volk prolein

varies. Use of antibody
to Vegallowsth irement of egg volk protein
production. ccific assay 1s a significant im-
provemer 15 assays for GIH which were
cin synthesis or simply ovarian wet
weight ¢h Bomirski ez al., 1981 Quackenbush and
Herrnkin I8 3: bastman-Reks and Fingerman., 1984:
Charniaux-Cotton. 1985). The development of a bioas-
sav for GIH or any inhibitory hormone requires ade-
quate controls 1o detect the potential toxic etfects of non-
specific agents that may be present in crude extracts
(Channing ¢/ al., 1985). Bomirski ¢t al. (1981) found
toxic fractions in their extraction ot GIH from the crab,
Cuancer magister. The 1oxicity was allributed to the large
amounts of protein they injected into their bioassay ani-
mals. They required a 0.5 ESE dose to produce a measur-
able response in the shrimp. Craugon crangon. The ma-
terial we extracted from the shrnimp evestalks required
only a 0.005 ESE dose in vivo and a 0.006 ESE dose in
virro 10 produce statistically significant inhibitory re-
sponses in Uca pugilator. The potency of the crude ex-
tract permitted much less total protein in our assays for
Gl than previous assays required. This may have
helped us avoid a non-specific protein-induced toxic
effect ol crude extracts. The parually purified GIH
blocked incorporation of labeled amino acids into Vg,
did not attect the incorporation of labeled amino acids
into other proteins. Crude eatract and a few fractions
near the void volume of the column did have the abihty
10 block labeled amino acid incorporation into both Vg
and other proteins. This non-specific inhibition ol incor-
poration of labeled amino acids serves as a control for
non-specilic effects in our in virro assay system. Thus,
with the in virroassay procedure. we can measure specific
inhibition of labeled amino acid incorporation into Vg,

The partially purihed G
sy nthesis directhy ~

based on

as well as the non-specific inhibition of incorporation of

labeled amino acids into proteins that are not Vg. This
th vitro procedure can now be used in the further charac-
terization of eyestalk neurohormones.
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